Recently, the DAMA/LIBRA collaboration released the long-awaited phase-2 results with a lower energy threshold. Immediately after, it was argued that a one-component spin-independent dark matter explanation of the observed annual modulation is strongly disfavoured or excluded unless isospin-violating couplings are invoked. In this short letter, we make the observation that dark matter comprising both a light and a heavy component modulate out of phase and can reproduce the observed spectrum without the need to invoke fine-tuned isospin-violating couplings. Using the publicly available DAMA/LIBRA data, we perform a fit of the DAMA/LIBRA energy spectrum of the annual modulation amplitude to a scenario with two dark matter components. We take into account how gravitational focusing affects the phases of the light and a heavy components differently. Our results show that there exists a unique solution in agreement with the data in the simplest case of isospin-conserving couplings with equal cross sections.
I. INTRODUCTION
Dark matter (DM) is one of natures greatest enigmas. Until now evidence for its existence stems from its gravitational interactions. There is one potential exception coming from direct detection experiments: the long-standing annual modulation signal observed by the DAMA/LIBRA collaboration [1, 2] (denoted by DAMA in the following). The significance for the modulation of the complete data set is 12.9 σ. The DAMA collaboration, as well as several independent studies, have not found that modulated backgrounds like those of neutrons, muons, solar neutrinos or radon can be responsible for the signal [3] [4] [5] [6] [7] [8] . Until the very latest phase-2 results, under reasonable particle physics and astrophysical assumptions, the signal was consistent in both amplitude and phase with that expected from Weakly Interacting Massive Particles (WIMPs). Assuming the Standard Halo Model (SHM) and elastic scattering, the best-fit masses (and cross sections) are well-known: a light DM with mass ∼ 10 GeV scattering mainly on sodium (light mass solution), or a heavy DM with mass ∼ 70 GeV scattering mainly on iodine (heavy mass solution) [9] [10] [11] [12] [13] [14] [15] [16] .
The main issue with a DM interpretation of the DAMA modulation is that there is currently no accepted explanation that reconciles DAMA's signal with the absence of a positive signal in all other experiments [14, [17] [18] [19] [20] , even independently of the DM velocity distribution [21] [22] [23] [24] [25] [26] [27] . This has motivated a large experimental effort to try to reproduce the DAMA experiment with NaI crystals in order to independently either confirm or reject its results [28] [29] [30] [31] [32] . The SABRE experiment [30] plans to have a northern and southern hemisphere pair of NaI detectors to search for a seasonal correlation or anti-correlation of * Electronic address: juan.herrero-garcia@coepp.org.au † Electronic address: andre.scaffidi@adelaide.edu.au ‡ Electronic address: martin.white@adelaide.edu.au § Electronic address: anthony.williams@adelaide.edu.au any DAMA-like modulation signal [33] . Interestingly, the COSINUS experiment [31] aims to also measure the constant rate by developing a cryogenic detector. A null result in the latter experiment may rule out a DM explanation of DAMA model-independently [34] . Very recently, the DAMA collaboration released the long-waited phase-2 results with a lower energy threshold, with two new energy bins below 2 keVee [35, 36] . As first pointed out in version 3 of Ref. [34] , and studied in Ref. [37] (see also Ref. [38] ), the consistency of the DM interpretation of DAMA's signal is now under question both for the light and the heavy DM mass solutions mentioned above for vanilla isospin-conserving spinindependent (SI) interactions, even before considering its compatibility with other null-result experiments. This is because below 2 keVee, the direct detection rates for the two standard DM solutions behave very differently with decreasing recoil energy: the light DM gives rise to scatterings off iodine, increasing its rate significantly, while for the heavy DM (that scatters predominately off iodine) the modulation amplitude decreases, eventually giving rise to a phase flip. This was already pointed out in Ref. [39] . We confirm in this work that for SI interactions the energy spectrum for the one-component DM scenario (1DM) is disfavoured. Indeed we find that the heavy solution is excluded at an even higher significance level when gravitational focusing (GF) [40] [41] [42] effects are accounted for.
The main observation of this short letter is that the modulation observed by DAMA at low energies can be reproduced in a natural way by a combination of two DM particles (2DM), without the need to invoke finetuned isospin-violating couplings. Multi-component DM in direct detection has only been studied in a few works which have then only focused on time-averaged (not modulated) event rates [43] [44] [45] [46] [47] [48] [49] [50] . A generic prediction of 2DM is the presence of kinks in the differential event rates in mono-target experiments due to the different DM components [50] . In the following, we adopt a purely phenomenological approach to try to reproduce the observed modulated signal without going into further details re-garding the model building, which would affect the interactions and the abundances of the DM components. This is in fact studied for averaged rates in Ref. [51] . In this work we also include GF, which has a non-trivial effect on the 2DM time dependence of the direct detection rates, and therefore on the modulation amplitude and phase. Although in our work we use the DAMA data, the physics discussed and the results obtained in the following apply to generic time-dependent signals of multi-component scenarios.
This letter is structured as follows. In Sec. II we introduce the relevant notation to describe the DM timedependent signal in direct detection experiments. In Sec. III we fit the binned amplitude of the DAMA modulation. We do this by generating pseudo-mock data from a modulating 2DM signal, including GF, and extracting the modulation amplitude by fitting a sinusoid to the resulting time-dependent signal. This allows us to draw conclusions regarding the effect of GF and the nonsinusoidal component. In this section we also conduct the analysis for a single light/heavy DM to compare with results from other studies. We give our conclusions and final remarks in Sec. IV.
II. THE DARK MATTER DIRECT DETECTION SIGNAL
In this section, we present the relevant expressions for the direct detection of 2DM, with individual DM masses m 1,2 (we take m 1 < m 2 ), SI cross-sections with protons σ p 1,2 , and local energy densities ρ 1,2 . We use ρ 1 + ρ 2 = ρ loc , where ρ loc is the local DM mass density. We take the astrophysical values of Ref. [50] , and use the notation r ρ ≡ ρ 2 /ρ 1 and r σ ≡ σ p 2 /σ p 1 . For 2DM with SI interactions, we can parameterise the differential event rate produced on a target nucleus with mass number A as [50] :
where here we define the halo integral as
From kinematics, the DM particle α (α = 1, 2) is required to have a velocity larger than v
to produce a recoil of energy E R . m A is the mass of the nucleus, x A its mass faction in the detector, µ αA is the reduced DM-nucleus mass and F A (E R ) is its nuclear form factor, for which we use the Helm parametrisation [52, 53] . In Eq. (2) f (α) det ( v, t) describes the distribution of DM particle velocities in the detector rest frame.
In the following we use the SHM, i.e., a Maxwellian velocity distribution, with equal velocity dispersions for both DM components (see Ref. [51] for a study regarding this assumption). As before, the total rate is given by the sum of the contributions on each target nucleus, i.e., R(E R , t) = A R A (E R , t). The rate for 1DM is obtained from Eq. (1) in the limit r ρ = 0.
In this work we deal with the time-dependent signal caused by the motion of the Earth around the Sun [54, 55] . The total differential event rate can be decomposed as (see for instance Refs. [16, 24, 25, 56] )
is the time-averaged rate and M
(α)
A (E R , t) the time-dependent signal. In the following we assume that all the time-dependence stems from the velocity of the Earth v e (t), which is a reasonable assumption for the time scales of direct detection experiments. For isotropic and sufficiently smooth DM haloes, to leading order on v e (t), 1 the time-dependent signal consists of the annual modulation,
m,A ) is the phase of the modulation and
is the amplitude. t J (t J + 0.5) measured in years corresponds to June (December) 1st, which for minimum velocities v A (E R ) becomes negative. In other words, for small enough v (α) m,A , the phase of the modulation flips by 6 months. As we show below, this is precisely what happens for heavy DM components scattering off iodine in DAMA at the lowest energies. The total rates are given by the sum over nuclei and DM components,R(
A. Gravitational focusing and the non-sinusoidal signal GF of DM particles by the Sun affects the phase of the modulation t 0 , which, for an observed E R , is sensitive to the DM mass via the dependence on v (α) m,A [40] [41] [42] . The effect is significant for v (α) m,A 200 km s −1 , in which case the phase is changed from the vanilla case of December 1st towards a later value. In the case of DAMA the effect on the phase is important for heavy DM masses, for which it can change by tens of days. For light DM particles, the effect is negligible and the phase remains at June 1st. In 2DM the most interesting feature is that the sum of the time-dependent signals of the individual components, with their phases t (1,2) 0 being different due to GF (t (2) 0 > t (1) 0 as m 2 > m 1 ), leads to a non-sinusoidal timedependent signal only suppressed by the (small) phase difference of the 2DM components ∆t 0 ≡ t
We can see this by expanding the combined signal in ∆t 0 (see also Ref. [56] ). For a given nuclei and recoil energy, ∆t 0 depends on the mass splitting of both DM components. We find that the combined M(E R , t) is given to leading order in ∆t 0 by
where the expansion is valid for t t
higher order terms become important. As can be observed, the sine term is proportional to ∆t 0 . Therefore, for non-negligible ∆t 0 , the total time-dependent signal is non-sinusoidal. For the DAMA observation, how good this approximation is depends on the DM masses, which we study in the following by fitting the DAMA-phase 2 time-dependent signal to the numerically computed one using Eq. (1) with GF effects implemented.
III. THE DAMA ENERGY SPECTRUM OF THE MODULATION AMPLITUDE
We perform our analysis on the whole energy spectrum of the DAMA annual modulation amplitude, which combines results from DAMA/NaI and DAMA/LIBRA phases 1 and 2. The total exposure is 2.46 kg·y. The events are measured in electron equivalent energy (keVee), which is related to the true recoil energy E R through the target-dependent quenching factors E ee = Q A E R (we use Q Na = 0.3, Q I = 0.09). We employ the differential response function of Ref. [57] , treating the parameters α LE = (0.448 ± 0.035) √ keVee and β LE = (9.1 ± 5.1) × 10 −3 as nuisance parameters. The results made public by the DAMA collaboration are presented in slide 22 of Ref. [35] . We use the data of Tab. I of Ref. [37] , which gives the observed binned annual modulation amplitude M i in N = 10 bins in the energy range [1, 20] keVee in order to increase the signal to noise ratio in our fit.
We undertake our analysis as follows: 1. We first generate pseudo-mock data from a modulating DM signal with gravitational focusing corrections implemented and 2.46 ton y of exposure in the time intervals used by DAMA. The term 'pseudomock' here refers to the fact that we use the 'Asimov data', which in the large statistics limit corresponds to the expected Poisson mean in each time bin. This is done to ensure smooth likelihood functions in our statistical analyses. We only generate signal events, since the DAMA collaboration releases no information about the observed constant backgrounds.
2. As DAMA does, we then fit the function R A (t) = S 0 + S m cos[2π(t − t 0 )/T ] to the pseudo-mock data set in each energy bin. Since the DAMA experiment does not veto backgrounds, we fit a sinusoidal component plus a constant offset to extract the best fit modulation amplitude S m . We take a constant phase of t 0 = 152.5 days and a period T = 1 y. 3. We take the estimated amplitude for each energy bin and compare these to the DAMA data using a maximum likelihood analysis in order to extract the goodness of fit and best-fit values of the 1DM and 2DM model parameters.
The reason for this roundabout approach is that the DAMA collaboration does not release time-dependent data in 0.5 keVee bins, 3 and so we proceed as closely as possible to the method used by the collaboration to extract the modulation amplitude. This would not be necessary if we did not consider GF, but GF non-trivially changes the phase of the modulation away from June 1st as well as the shape of the time-dependent signal.
We use the open source software Minuit [58] to compute the best-fit points, which we give in Tabs. I and II. For completeness, we also compute the corresponding 2 The DAMA collaboration also presents results assuming variable phases and additional non-sinusoidal components. Energy spectra for these fits however are presented in larger integrated energy bins of 1 keVee width. Since any interesting behaviour in the spectrum occurs in the lowest [1 − 1.5] keVee energy bin we do not use these other data sets. 3 The only time-dependent information released by the DAMA collaboration are residuals in large integrated energy bins [1] [2] [3] , [2] [3] [4] [5] [6] and [1] [2] [3] [4] [5] [6] keVee. However, in the latter the energy information of the (most interesting) lowest energy bins is washed out.
p-values for the fits, as well as the corresponding number of equivalent two-sided Gaussian standard deviations Z. We deem a 'good fit' to be one that gives a p-value p > 0.05 which corresponds to Z < 1.96. For 2DM, we also employ the MultiNest implementation of the nested sampling algorithm [59] [60] [61] , with 5000 live points and a tolerance of 0.5. We then determine the distribution of the profile likelihood ratio (PLR) L/L max throughout the parameter space from the obtained samples. In Tab. I we show results of 1DM fits for the light and the heavy DM mass solutions, which correspond to scatterings mainly in Na and I, respectively. We also check the exclusion significances for the 1DM case neglecting gravitational focusing effects to check consistency with previous studies. Since GF does not effect the sinusoidality of the DAMA signal for DM masses below ∼ 30 GeV, we find that the light solution is excluded at 5.4σ, which is roughly the same significance as observed in previous studies. Interestingly, however, we see that including GF corrections non-trivially increases the exclusion significance of the heavy solution from ∼ 3σ to 6σ.
B. Two-component dark matter fit
We show in Tab. II the result of the fit for two DM particles (2DM). We fix r σ = 1, leaving r ρ free. 4 One can observe that the 2DM model provides a good fit with an exclusion significance of only 1.84σ. In Fig. 1 (upper  panel) we show the binned modulation amplitude (solid black) for the best-fit points of the 2DM solution. This corresponds to scattering of both DM components dominantly off iodine. The fact that the lighter component scatters dominantly off iodine with a negligible contribution from sodium is due to two factors: first, the smaller quenching factor in iodine compensates its larger mass, translating into smaller v (1) m,I (E R ) and thus into larger η(v (1) m,I ); second, the A 2 enhancement factor for iodine due to coherent SI scatterings. Below 2 keVee DM2 becomes negative (i.e., a phase flip) and DM1 dominates the total rate. Therefore there is a partial cancellation in the combined modulation between the individual DM contributions. This is illustrated in Fig. 1 (lower panel) , where we plot the time-dependent residual for 2DM in the lowest recoil energy bin [1-1.5] keVee.
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In Fig. 2 we present the frequentist 1 and 2σ C.L. contours using pippi [62] . We show the planes m 1 -m 2 (top left), log 10 (r ρ )-log 10 (σ p 1 ) (top right), log 10 (r ρ )-m 2 (bottom left) and log 10 (r ρ )-m 2 (bottom right). The regions are very well-defined around the best-fit values. The 2σ range of m 1 is quite narrow, [8, 30] GeV, while that of m 2 is larger, [30, 150] GeV, i.e., there is more freedom in the heavy component since for heavier DM the dependence 
IV. CONCLUSIONS
In this short letter we have studied whether a 2DM model comprising both a light and heavy component can revive the vanilla DM interpretation of the low threshold DAMA data. We performed a fit of 2DM to the publicly available DAMA data using the energy spectrum of the amplitude of the modulation. For the first time, we also fully incorporate gravitational focusing effects into such an analysis. Firstly, we fit 1DM to the energy spectrum data and find that the heavy solution is even more excluded than shown in previous studies after GF effects are considered. On the contrary, we find that 2DM provides very good agreement to the energy spectrum data.
We show our solution in Fig. 1 , where scatterings are predominantly off iodine, with a crossing between the spectrum of the two individual DM components at roughly 2 keVee. The crossing occurs due to a phase flip in the heavier component at low recoil energy. The results of the 2DM fits are summarised in Tab. II and Figs. 1 and 2 , which involve reasonable values of the relative energy densities and the cross section. The key feature found in the analysis is that, at the lowest energies, the modulation of the heavy DM particle becomes negative, so that in the combined modulation the individual DM contributions partially cancel each other.
Therefore two-component DM looks like a natural solution to the first part of the DAMA puzzle: the compatibility of the spectrum with that expected from DM under standard astrophysical and particle physics assumptions. The second part of the DAMA puzzle, that is, the compatibility of DAMA data with other null results is not solved. It is interesting to speculate whether a 2DM sce-nario could partially reduce this incompatibility and this is an area of possible future investigation.
We would like to conclude by saying that it would be very helpful if the DAMA collaboration made public the temporal data in smaller energy bins, which would allow the use of all information. In particular it would show whether or not there is a non-sinusoidal behaviour in the current data in the [1,1.5] keVee bin, as present in the case of 2DM (see lower panel of Fig. 1) . In any case, even if the DAMA signal turns out not to be related to DM, the distinctive features of the time-dependent signal of multi-component DM found in this work, like the nonsinusoidal behaviour and the possibility of having a partial cancellation at low energies, are generic predictions that should be searched for in case an annual modulation signal is observed in next generation experiments.
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